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Abstract

Colorimetric protein quantitation assays such as the Bradford method are susceptible to foaming when using manual or
automated equipment, especially during mixing operations. The resulting bubbles cause unintended light scattering and,
because they often persist for longer than the duration of the assay, can interfere with spectrometric sample analysis, for
example in a 96-well plate reader at 585 nm. Here, we tested the ability of antifoam agents commonly used in biotech-
nology to reduce bubble formation when mixing Bradford reagent with protein samples from bioprocess development
and production. We also assessed the impact of these agents on optical density at the assay-relevant wavelength to
verify the fidelity of the readouts. We used a design of experiments approach to identify synergies between different
antifoam agents, aiming to reduce the concentration needed to avoid foam formation and thus minimize any distortion
of the assay results. Finally, we confirmed that antifoam-containing Bradford reagent retained its performance even
after prolonged storage. We found that 0.15 g L™' of Struktol J673A was sufficient to prevent foaming even when air was
deliberately introduced into the samples. Furthermore, the modified Bradford reagent was stable for 4 weeks and did
not distort the readout at 585 nm but only shifted it by ~0.1 dimensionless absorbance units. Therefore, our modified
Bradford reagent will benefit biologists, biotechnologists and bioprocess engineers, especially those using automated
workstations, because it improves the robustness of the assay.

Highlights

Adding 0.15 g L™" of Struktol J673A to Bradford reagent completely prevents foam formation.
The addition of antifoam has a minimal effect on spectrometric assay readouts.
An antifoam-containing Bradford reagent can be stored for at least 4 weeks.
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1 Introduction

The original description of the Bradford method is among the most cited publications in biology and biotechnology [1].
This reliable method for protein quantitation is widely used in molecular biology laboratories and is also a workhorse in
bioprocess development, for example to determine the purity of protein products in samples as a fraction of the total
soluble protein content [2]. The assay is based on the dye Coomassie Brilliant Blue, which primarily binds to amino acids
with amino and carboxyl side chains, whereupon it changes color from brown to blue with an absorption maximum at
585 nm [1]. This allows the straightforward quantification of proteins by spectrophotometry, for example in a 96-well plate
format. The measurement of protein standards over a known concentration range allows the construction of a standard
curve of absorbance readings from which the protein concentration in any sample can be deduced.

Conveniently, standardized staining solutions are commercially available along with detailed protocols, even for
microliter-scale variants of the assay [3]. However, physical implementation, for example using single/multi-channel
pipettes or liquid handling stations, can be challenging because substantial amounts of foam can form when mixing
the reagent with a protein-containing sample. The foam can result from the detergent-like properties of some proteins
[4], or because the dye has a similar effect in the solution. Minimizing the introduction of air can address this issue,
but it can be challenging even for skilled experimenters to achieve consistently foam-free samples, and extra effort is
needed to manually eliminate any bubbles. Bubbles may even form when using automated liquid handling stations if
liquid levels differ slightly between wells in 96-well plates. In this case, identifying and eliminating bubbles is especially
cumbersome because the assay would typically be operated without manual intervention. Destroying the bubbles is
necessary because they would otherwise cause unintended light scattering during spectrophotometry, thus distorting
the reported protein concentration.

Here, we tested seven different antifoam agents developed for fermentation processes in terms of their ability to
prevent foam formation in a 200-pL Bradford assay in a 96-well format. We fine-tuned the antifoam concentrations to
ensure a minimal impact on the absolute absorbance measured in protein samples, thus maintaining the assay fidelity.
Furthermore, we tested combinations of different antifoam agents to achieve this goal in a design of experiments (DoE)
approach and ultimately confirmed that Bradford reagent containing antifoam agents can perform consistently after
storage (Fig. 1).

2 Materials and methods
2.1 Screening of foam-suppressing and/or foam-destroying activity in Bradford reagent

The foam-suppressing and/or foam-destroying substances listed in Table 1 were prepared as 100.0 g L™' stock solutions
and then individually added to 5 mL Bradford reagent (Pierce Coomassie Protein Assay Kit; Thermo Fisher Scientific) to
achieve a final concentration of 1.00 g L™'. Based on the foam-reducing ability of each reagent, this concentration was
either reduced stepwise t0 0.01 g L~ (Struktol J673A, Medical Antifoam C and Xiameter AFE 100), kept constant (Bisomer
G30) and or even increased to 10.00 g L~" (Pluronic L61 and Dow Corning 365) in a second set of samples. All 5-mL sam-
ples were protein-free and were mixed in 15-mL reaction tubes by rigid manual shaking for 20 s. The time until complete
foam disintegration was measured and the extinction at 585 nm was quantified using a BioPhotometer (Eppendorf)
immediately after the addition of antifoam and again after incubation for 60 min at 22 °C in a light-protected environ-
ment. We selected a shift in absorbance of less than 0.10 as a selection criterion because it was ~ 10 time the average
standard deviation of the Bradford assay as performed in our hands. A 5-mL sample of untreated Bradford reagent was
used as a control.

2.2 Assessment of antifoam activity in a Bradford assay setting
Different concentrations of antifoam agents that successfully disintegrated bubbles in Bradford reagent without pro-

tein were added to mixtures of Bradford reagent and 0, 125, 250, 500, 100, 1500 or 2000 mg L~" bovine serum albumin
(BSA; Thermo Fisher Scientific) in a 96-well plate format. Bubbles were intentionally induced by pipetting 200 uL of air
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into each sample. Bradford reagent containing chicken albumin (Sigma Aldrich), lysozyme (Sigma Aldrich), ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO; purified from tobacco leaves) and the human immunoglobulin
biological reference preparations (BRP) (European Directorate for the Quality of Medicines & HealthCare) at the same
concentrations as BSA were tested in the same manner. The number of bubbles (Figure S2), was quantified after incuba-
tion for 10 min at 22 °C (the standard condition of the assay) by counting bubbles > 1 mm diameter individually and by
including bubbles <1 mm, e.g., in agglomerates, as a single count. The sample absorption at 585 nm was measured in
an Enspire plate reader (PerkinElmer). Readouts for the individual antifoam agents in the presence of Bradford reagent
and different concentrations of BSA were used to fit cubic regression models (Eq. 1). The resulting coefficients (k,) were
compared to corresponding values in a sample without antifoam agent.

y R f(x) = kgx® + kyx! + kpx® + kg (1)

where y is the absorbance at 585 nm, k,, are model coefficients and x is the protein concentration.

2.3 Determination of synergistic effects among antifoam agents

Antifoam agent mixtures containing different concentrations of Pluronic L61 (poloxamer), Struktol J673A (alkoxylated
fatty acid ester) and XIAMETER AFE-0100 (silicon) (Tables S1 and S2) were tested in a 32-run i-optimal (minimizing the
integral of the prediction variance across the factor space) mixture DoE for the absorbance and number of bubbles. The
latter was an integer response, so each run was replicated 12 times to obtain a pseudo-continuous response [5, 6]. For
sample preparation, stock solutions of Bradford reagent containing 0.50 g L™' Pluronic L61, 0.15 g L™ Struktol J673A
or 0.50 g L™ Xiameter AFE 0100 were mixed to yield the antifoam concentrations as defined by the DoE. Plain Bradford
reagent was added as required. Then, 195 pL of the mixture was added to 5 pL of 2.00 g L™' BSA in a 96-well plate format
and mixed. Again, bubbles were artificially created by pipetting 200 uL of air to each well. Finally, the number of bubbles
was counted after 10 min incubation and the absorption at 585 nm was measured in an Enspire plate reader.

2.4 Analysis of antifoam Bradford reagent storage stability

Bradford reagent containing 0.15 g L™ Struktol J673A was stored for 4 weeks at 4 °C (storage temperature recommended
by the manufacturer) or 37 °C. The solution was then used in a triplicate 96-well plate format to quantify BSA, human
immunoglobulin BRP, RuBisCO and a mixture of tobacco host cell proteins using the same protein concentrations as
before. Untreated Bradford reagent was stored under the same conditions and used as a control.

2.5 Statistical data analysis

Design Expert v10 was used to set up and evaluate all statistical designs as previously described [7]. Other data were
assessed for normality first using a battery of tests in Origin 2020b (Shapiro-Wilk, Lilliefors, Kolmogorov-Smirnov, Ander-
son-Darling, D’Agostino-K squared, and Chen-Shapiro). If all tests indicated normality for two comparative samples, we
used Welch's t-test with Bonferroni correction for analysis. If the data distribution was non-normal, we used a Wilcoxon-
Mann-Whitney test (U-test) [8, 9]. The two-sided alpha level was 0.05 and the p-value threshold to indicate significance
was 0.05.

3 Results and discussion
3.1 Foam reduction in Bradford reagent
We screened seven antifoam agents at different concentrations (Table 1) for their ability to reduce the number of bub-

bles after vigorous mixing with 5 mL of Bradford reagent in 15-mL reaction tubes. Struktol J647 was insoluble in the
reagent and was therefore excluded from further testing, whereas Dow Corning 365 and Pluronic L61 resulted in mixtures
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containing more than 20 bubbles, which was similar to the untreated control. Pluronic L61 was only able to reduce the
number of bubbles when present at a concentration of 10 g L™'. We deemed this impractical because it substantially
increased the absorbance of the solution at 585 nm from ~ 0.07 (blank control) to > 0.22, which potentially would interfere
with the assay readout. A similar shift in absorbance was observed for Bisomer G30 (~ 0.16), but this occurred even at a
concentration of only 0.50 g L™". In contrast, less than one bubble on average was observed when Dow Corning Medical
Antifoam C, Struktol J673A or XIAMETER AFE-0100 was added to the Bradford reagent. In addition, these antifoam agents
increased the absorbance at 585 nm by less than 0.10. Therefore, we continued with these three antifoam agents and
identified the minimal concentration required to suppress foam formation in Bradford reagent. These concentrations
were 0.50gL™',0.15gL™" and 0.50 g L' for Dow Corning Medical Antifoam C, Struktol J673A and XIAMETER AFE-0100,
respectively (Table 1).

3.2 Assessment of antifoam agents in a Bradford assay setting

Next, we used Dow Croning Medical Antifoam C, Struktol J673A and XIAMETER AFE-0100 in an authentic Bradford assay
setting to assess their antifoam properties in the presence of a protein sample and to evaluate any potential distortion
of the assay readout at 585 nm in more detail. The antifoam agents fully prevented foam formation, however, in case of
XIAMETER AFE-0100, the concentration stated in Table 1 had to be increased to 0.50 g L.

The shift in absorbance increased with increasing antifoam and protein concentration (Fig. 2, Table 2), but was less than
0.10 dimensionless absorbance units at the antifoam agent concentrations required to prevent bubbles. Importantly,
the absorbance shift relative to the protein concentration was close to constant with slopes between -0.09 and 0.02,
indicating minimal interference with the Bradford assay readout. The only two exceptions were Dow Corning Medical
Antifoam C combined with RuBisCO at protein concentrations of 0.25-1.00 g L™, where the maximal shift was up to
0.11 and protein concentrations below 0.25 g L™! where the absorbance shift relative to the protein concentrations was
higher compared to the rest of the protein concentration range. When analyzing the absorbance shift induced by anti-
foam agents in more detail by comparing sample spectra in the 280-900 nm range (Fig. 2D), we found that, for example
in the case of Struktol J 673 A, the shift was between — 0.01 and 0.10 at an antifoam concentration of 0.15 g L™" and in
the presence of 2 g L™' BSA. Importantly, in the assay-relevant wavelength region of 550-650 nm, the average difference
between samples with and without antifoam was less than 0.01.
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We used a BSA dilution series, the common standard to calibrate Bradford assay measurements [3], to establish a
cubic regression model between protein concentration and absorbance. We compared the model coefficients derived
from measurements containing Dow Corning Medical Antifoam C, Struktol J673A or XIAMETER AFE-0100 with those
from controls without antifoam to identify any systematic deviations (Table 3). We found that all models were capable
of describing the data with high fidelity (R? and adjusted R?>0.99). The model coefficients k, and k; for Struktol J673A
did not differ significantly from the antifoam-free control. Importantly, the average absorbance difference between
Struktol J673A and the control was smallest among all the tested substances. The average difference between Struktol
J673A and the control was negative because the control exhibited less absorbance at 585 nm if more than 0.5 g L™' BSA
was present. Importantly, the difference in the area under the curve was also smallest between Struktol J673A and the
control, indicating that this antifoam agent had the least impact on absorbance.

3.3 Effect of antifoam agent mixtures on foaming in a Bradford assay setting
Having established that individual agents can be used to suppress the foaming of Bradford reagent samples without

substantially distorting the assay readout, we investigated the potential for synergies between the antifoam agents that
might allow us to reduce the concentration even further and thus minimize any impact on absorbance. For example,
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Fig.2 Effect of antifoam agents on Bradford assay readouts (absorbance at 585 nm). Different concentrations of the antifoam agents Dow
Corning Medical Antifoam C (A), Struktol J673A (B) and XIAMETER AFE-0100 (C) were tested in Bradford reagent mixed with defined con-
centrations of BSA in the concentration range 0.000-2.000 g L™". Additional measurements using lysozyme (blue) or RuBisCO (orange) in
the same concentration range are shown for XIAMETER AFE-0100. Sample spectra (D) were taken for Struktol J673A in Bradford reagent in
the presence (orange) or absence (green) of 2.000 g L™' BSA. No artificial bubbles were introduced in the control (0 g L™' antifoam agent)
to ensure readout comparability. The in-panel legend shows the antifoam concentration [g L™']. All tests were carried out in a 96-well plate
format
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Table2 Summary of antifoam

. Antifoam agent Required Observed min/max absorbance shift at 585 nm?
agent, protein type and

concentration

protein concentrati.on effects gL BSA Chicken albumin Lysozyme mAb RuBisCO
on absorbance during the
analysis of Bradford assay Dow Corning Medical 0.50 ~0.03/0.07 0.05/0.09 na na 0.04/0.11
results by photometry Antifoam C
Struktol J673A 0.15 —0.07/0.01 n.a n.a 0.05/0.09 0.06/0.10
XIAMETER AFE-0100° 0.10 0.01/0.06 n.a 0.00/0.06 n.a 0.01/0.6

20bserved within a protein concentration range of 0.125-2.000 g L™

we speculated that antifoam agents with different chemistries may achieve bubble disintegration using slightly differ-
ent mechanisms that complement each other, and mixing them may therefore augment the foam-reducing effect. The
initial set of antifoam agents we tested (Table 1) covered diverse chemistries, specifically block copolymers, silicone
derivatives and fatty acid esters, but only the latter two chemistries were represented among the antifoam candidates
that achieved both foam prevention and a negligible impact on absorbance. We therefore included Pluronic L61 as a
block-copolymer-based antifoam agent and selected XIAMETER AFE-0100 over Dow Corning Medical Antifoam C because
the latter is about 10-times more expensive. We tested various mixtures of Pluronic L61, Struktol J673A and XIAMETER
AFE-0100 in a DoE approach to assess the number of bubbles and absorbance (Fig. 3). The data were well described by
reduced cubic models with adjusted R?>0.80 (Table S2). Interestingly, all combinations of Struktol J673A and XIAMETER
AFE-0100 prevented the formation of bubbles down to concentrations as low as 0.025 g L™' (Fig. 3), a quarter or even
5% of the minimum concentration necessary for pure antifoam agents. As expected based on the initial experiments,
numerous bubbles were observed if pure Pluronic L61 was used or if its fraction in the mixture exceeded ~50%. Interest-
ingly, the absorbance at 585 nm was highest in binary mixtures of Struktol J673A and XIAMETER AFE-0100. However, the
absorbance was at most 0.04 higher than that of antifoam agent-free Bradford reagent, thus below the 0.10 threshold
discussed above and hence not relevant according to our criteria.

We concluded that mixtures of antifoam agents can effectively remove bubbles at total concentrations even below
those necessary for pure agents. This helps to further reduce the effect of the agents on Bradford assay readouts. How-
ever, we found that the 100 g L' XIAMETER AFE-0100 stock solutions started to mold after about 4 days at 22 °C. The
reason for the microbial growth is currently unclear and was beyond the scope of this study. Therefore, we decided to
continue our assessment with Struktol J673A alone because it effectively reduced the number of bubbles even at low
concentrations, did not substantially shift absorbance values, and did not support visual microbial growth within 7 days.

3.4 Stability of Bradford reagent containing antifoam agents

We extended our preliminary stability assessment by incubating individual aliquots of antifoam-containing Bradford
reagent and antifoam-free controls for 4 weeks at 4 or 37 °C. The Struktol J673A concentration was 0.15 g L™' and no
bubbles formed even after the augmented Bradford reagent was stored at 4 or 37 °C. After 4 weeks of storage, absorb-
ance values determined using Bradford reagent containing Struktol J673A exhibited standard deviations that were on
average 8.4 times lower (incubation at 4 °C) or 2.6-fold lower (incubation at 37 °C) than antifoam-free controls (Fig. 4).
These differences in the non-normally distributed data were not significant according to a Wilcoxon-Mann-Whitney test
(U-test). However, the corresponding cubic models for the antifoam-containing reagent aligned more closely with the
Bradford reagent without antifoam or bubbles than the antifoam-free Bradford reagent in which bubbles were induced
at 4 °C. The exception was RuBisCO, for which the Bradford reagent containing Struktol J673A showed much higher
absorbance, especially in the 0.500-1.500 g L™' concentration range (Fig. 4C). We speculate that this protein-specific
effect may be linked to the oligomeric structure of RuBisCO and a resulting unusual interaction with the dye. Authentic
standards may be necessary to prevent systematic deviations when quantifying such proteins, but this challenge is not
exclusive to Bradford reagent containing antifoam having been described for other proteins under regular conditions
(e.g., elastin-like polypeptides that bind poorly to Coomassie Brilliant Blue G-250 [10]). Interestingly, the use of Bradford
reagent stored at 37 °C resulted in a color shift from brown to red-brown in the presence or absence of Struktol J673A
(Figure S1), but the shift was more pronounced in the presence of the antifoam agent. Specifically, the absorbance
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Fig.3 Ternary plots of the
effect of antifoam agent
mixtures on the number of
bubbles (top row) and absorb-
ance (bottom row) when
Bradford reagent was mixed
with 2 g L' BSA. The total
concentrations of antifoam
agents were 0.002gL™" (A
andD),0.05gL™" (Band
E)and 0.35g L' (Cand

F). Vertices correspond to
conditions using only the
indicated single antifoam S
agent. P—Pluronic L61, S—
Struktol J673A, X—XIAMETER 1.20
AFE-0100. All measurements 1.181\ \ ] /’
were conducted in 96-well 1.16l \T\ J
plates and air bubbles were 114
deliberately introduced by 112
pipetting. Absorbance was 1' 10
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recorded when incubating proteins with Bradford reagent containing Struktol J673A was 0.08 £0.02 (n=32), which is
higher than for the reagent without antifoam. Because storage at 37 °C is not recommended by the Bradford reagent
manufacturer, this observation may not be critical. However, storage at high temperatures is often regarded as a tool
to assess accelerated aging [11] and the results may therefore indicate that storage at 4 °C for more than 4 weeks may
alter the properties of the Bradford solution containing antifoam. However, the accelerated aging approach is a matter
of debate [12], and further data under authentic storage conditions should be collected in the future.

For now, we ascertained that the storage of Bradford reagent containing Struktol J673A was possible for at least
4 weeks without negatively affecting the assay performance and it increased resistance to bubble formation, espe-
cially if stored at the manufacturer’s recommended temperature of 4 °C.

4 Conclusion

The Bradford assay is widely used in biology and biotechnology but its performance can suffer due to the formation
of foam during pipetting. Here we tested seven antifoam agents and found that adding 0.15 g L™ Struktol J673A
alone was sufficient to avoid foaming even after intensive mixing while creating air bubbles. That concentration can
be reduced to~0.03 g L' if Struktol J673A is combined with XIAMETER AFE-0100. Importantly, it was possible to add
the antifoam directly to the Bradford reagent and store the mixture at 4 °C for 4 weeks, which simplifies applications
in the laboratory. Furthermore, the addition of Struktol J673A had no significant effect on absorbance readings and
instead improved the performance of the Bradford reagent by preventing bubble formation, compared to a control
without antifoam, reflecting an almost tenfold reduction in readout standard deviation. Our modified Bradford rea-
gent will be helpful to biologists, biotechnologists and bioprocess engineers seeking to determine the total protein
contents of samples, especially in high-throughput assays.
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Fig.4 Impact of storage on the absorbance of Bradford reagent containing antifoam agents. Bradford reagent containing 0.15 g L™' Struktol
J673A and controls were stored at 4 or 37 °C for 28 days and then used with BSA (A), a monoclonal antibody (B), RuBisCO (C) and a plant
homogenate containing a diverse set of proteins (D). The concentrations of all protein stocks were in the 0.000-2.000 g L™' range. Bubbles
were induced in Bradford reagent with and without the antifoam agent, and the latter was also used in the absence of bubbles as a control.
Data represent averages of 12 measurements in 96-well plates and the error bars are the corresponding standard deviations
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